ABSTRACT: The bacterial endosymbionts of the thyasirid clam Maorithyas hadalis collected from the hadal zone in the Japan Trench were characterized. Two distinct phylotypes of endosymbiotic bacteria were discovered within the gill tissues by molecular phylogenetic analysis and in situ hybridization. Symbiont Type I was affiliated with thioautotrophic symbionts of vesicomyid clams and deep-sea mussels from deep-sea hydrothermal vents and cold seeps. Symbiont Type II was not related to previously reported bacterial symbionts, and was distantly related to the free-living chemoautotrophic bacteria (genera Thiomicrospira and Hydrogenovibrio). In situ hybridization experiments indicated spatial partitioning between the 2 M. hadalis symbionts, with Symbiont I occurring mainly in the outer regions of bacteriocyte zones and Symbiont II situated predominantly within inner regions of bacteriocyte zones. This is the deepest chemosynthetic symbiosis ever recorded and the first report to show spatial partitioning between the intracellular endosymbionts in marine invertebrates.
INTRODUCTION
Thyasirid clams are endobenthic bivalves that live in fine sediments and are found predominantly in boreal coastal seas (Kauffman 1967) . The clams have thick gills, reduced palps, a short simple gut and an elongated burrowing foot (Allen 1958) . Several species are known to harbor symbiotic bacteria in their gills (Southward 1986) . Unlike most chemosynthetic endosymbioses in which the bacteria are intracellular, the symbionts of thyasirids have been reported to occur extracellularly (Southward 1986) , although the style of symbiosis in thyasirid clams is disputed ). Fisher (1990) suggested that the symbioses in thyasirid clams might represent the more primitive condition, as opposed to the highly integrated, intracellular associations between bacterial symbionts and other bivalves such as vesicomyid clams and deep-sea mussels.
In 1998, a dense aggregation of the thyasirid clam Maorithyas hadalis was discovered at a depth of 7326 m in the Japan Trench using the ROV 'Kaiko' . Transmission electron microscopic (TEM) observations revealed the existence of numerous bacteria-like particles in the gill tissue, and several other lines of supporting evidence strongly suggested that the particles were symbiotic bacteria and that the clam relied on chemosynthesis of the symbionts for their nutrition (see Fujikura et al. 1999) . Unlike other symbiont-harboring thyasirids, the symbionts of M. hadalis were reported to occur intracellularly , although it was not entirely conclusive because the micrographs showed no host cell organelles with the symbionts within single cells.
The phylogeny of bacterial symbionts from many host taxa has been examined using 16S ribosomal RNA gene (16S rDNA) sequence analysis (Distel et al. 1988 , 1994 , Eisen et al. 1992 , Cary 1994 , Dubilier et al. 1995 , Feldman et al. 1997 , Peek et al. 1998 , Di Meo et al. 2000 , Fujiwara et al. 2000 . However, such analysis for thyasirids has been limited to Thyasira flexuosa (Distel & Wood 1992) , which had thioautotrophic symbionts phylogenetically related to those of lucinid clams and vestimentiferan tubeworms (Distel & Wood 1992) .
The goal of this investigation was to clarify the symbiotic form (intra-or extracellular) in Maorithyas hadalis using TEM, and to characterize the symbionts using 16S rDNA sequence analysis. Unexpectedly, our results showed 2 distinct types of symbionts located in the gill tissue of the clam.
MATERIALS AND METHODS
Specimen collection. Maorithyas hadalis specimens were collected from the Japan Trench during Dives 110 (7336 m depth) and 112 (7434 m depth) of the ROV 'Kaiko' in 1999. Upon recovery, the clams were immediately transferred to fresh, chilled (~4°C) seawater.
Treatment for TEM observations. Small pieces of gill tissue from 3 specimens were prefixed with 0.2% glutaraldehyde in seawater for 1 h at 4°C. Prefixed gills were dissected into 2 to 3 mm blocks using razor blades. Blocks were rinsed 10 times with 0.05 M phosphate buffer (pH 7.8) for 10 min at room temperature, and additional fixation was performed for 3 h with 2.5% glutaraldehyde in 0.2 M phosphate buffer containing 4% tannic acid (pH 6.8) at room temperature. Blocks were again rinsed 10 times with 0.05 M phosphate buffer (pH 7.8) for 10 min at room temperature and were stored in 0.05 M phosphate buffer (pH 7.8) containing 10 mM sodium azide for about 3 wk at 4°C. Post-fixation was conducted for 2 h in 1% OsO 4 in 0.05 M phosphate buffer (pH 7.8) at 4°C. Tissues were dehydrated and embedded in EPON 812 resin (TAAB). Ultra-thin sections of the specimens were stained with aqueous uranyl acetate and lead citrate, and were observed by a JEOL JEM-1210 TEM at an acceleration voltage of 80 kV. DNA preparation. DNA was extracted from the gill tissue of 3 specimens of the host species. To eliminate surface contaminants, each gill was thoroughly washed in autoclaved and filtered (0.22 µm) seawater. DNA extraction from tissue samples followed physical disruption in liquid nitrogen and chemical lysis as described by Takai & Sako (1999) .
Polymerase chain reaction (PCR) amplification. Bacterial 16S rDNA was amplified by PCR using the Ex Taq PCR kit (TaKaRa, Kyoto). Two oligonucleotide primers (1 µM each) and <1 µg of DNA template were added to the reaction mixtures. Thermal cycling was as follows: denatured at 96°C for 20 s, annealed at 55°C for 45 s, and extended at 72°C for 2 min for a total of 35 cycles. The oligonucleotide primer sequences used for bacterial 16S rDNA amplification were Bac27F and 1492R. Molecular size of the PCR products was checked by 1.2% Agarose S (Nippon Gene, Toyama) gel electrophoresis.
Cloning of amplified 16S rDNAs. Amplified 16S rDNAs were extracted from the agarose gel slices sequentially with phenol, phenol/chloroform/isoamyl alcohol and chloroform/isoamyl alcohol, and precipitated with ethanol (Takai & Sako 1999) . After centrifugation, DNA pellets were resuspended in sterile distilled water. The purified 16S rDNAs were cloned into the pCR-TOPO vector using the TOPO TA cloning kit (Invitrogen, San Diego).
Restriction fragment length polymorphism (RFLP) analysis of inserts. Each white colony was directly used as a template for the PCR amplification using the Insert Check-Ready-Blue kit (Toyobo, Osaka). The PCR products containing appropriately sized inserts were identified by 1.2% (w/v) agarose gel electrophoresis. The appropriately sized inserts were used as a template for PCR amplification using Bac27F and 1492R and the PCR products were subjected to RFLP analysis using restriction enzymes that recognize a 4 bp restriction site. Two such restriction enzymes were used, MspI (C'CGG) and RsaI (GT'AC). The restriction enzyme reaction products were electrophoresed through a 3% Agarose X (Nippon Gene) gel.
Sequencing of amplified 16S rDNAs. DNA sequencing of the amplified 16S rDNA clones was performed using the BigDye Terminator Cycling Sequencing Ready Reaction Kit (PE Applied Biosystems, Foster City, CA, USA). Nine universal 16S rDNA-specific primers were used in sequencing reactions (Kato et al. 1997) . Sequencing was performed using the ABI PRISM 310 genetic analyzer. The sequences reported here have been deposited in the DDBJ database under Accession Nos. AB042413 and AB042414.
Sequence and phylogenetic analyses. Nearly complete sequences of the 16S rDNAs were analyzed using the gapped-BLAST search algorithm (Altschul et al. 1997 , Benson et al. 2000 to estimate the degree of similarity to other 16S rDNA sequences. Sequences of approximately 1500 bp were used to run the similarity analysis. The database used for similarity analyses was the non-redundant nucleotide sequence database from GenBank. Sequences were manually aligned and phylogenetic analyses were restricted to nucleotide positions that were unambiguously alignable in all sequences. Calculation of the distance matrix and neighbor-joining (NJ) analysis were accomplished using the CLUSTAL X software package (Thompson et al. 1997) . Maximum likelihood (ML) and maximum parsimony (MP) analyses were also performed using the PHYLIP package, Version 3.572 (obtained from J. Felsenstein, University of Washington, Seattle). Bootstrap analyses were used to provide confidence estimates for phylogenetic tree topologies in NJ and MP analyses.
In situ hybridization. Two ribosomal RNA-targeted oligonucleotide probes were designed for detection of 2 types of bacteria that were potentially predominant in the gill tissue of Maorithyas hadalis. Probe I (5'-TCGCCACTAAGAGGTAAATCCT-3') was designed for detection of bacterial 16S rDNA of 'Symbiont I'. Probe II (5'-TCGACACTAAAATCTCTAAGGAT-3') was designed for detection of bacterial 16S rDNA of 'Symbiont II'. Both probes corresponded to Positions 839 to 859 in Escherichia coli 16S rDNA. EUB338 (Amann et al. 1990 ) was also used to label members of the domain Bacteria as a positive control. The sequences of Probes I and II were analyzed using the gapped-BLAST search algorithm (Altschul et al. 1997 , Benson et al. 2000 to examine whether any other sequences had similarity to these probe sequences. In addition, dot-hybridization analysis was conducted with bacterial 16S rDNA to check the specificity of the probes. The amplified 16S rDNAs, used for RFLP analysis, were blotted onto positively charged nylon membrane, Hybond-N+ (Amersham Pharmacia Biotech, Little Chalfont, UK). The membranes hybridized with Probe I, Probe II, or EUB338, which were labeled at the 5'-end with digoxigenin (DIG) and purified by HPLC (Amersham Pharmacia Biotech). After hybridization, the membranes were washed, and the DIG-labeled oligonucleotide probes hybridized with the targeted 16S rDNA sequences were detected using the anti-DIG-AP fab fragments, NBT and BCIP (Boehringer Mannheim, Indianapolis, USA) according to the procedure recommended by the manufacturer. The hybridization was conducted for 12 h at 43°C for Probe I, at 48°C for Probe II, and at 55°C for EUB338 (each probe = 5 pmol ml -1 ). For in situ hybridization, gill tissues were taken from 2 specimens of live clams and fixed in Bouin's solution for 22 h. The tissues were dehydrated with normal butyl alcohol, embedded in paraffin and sectioned in 3 µm thick strips according to standard procedures. The hybridization was conducted on the sequential sections using 4 different probes: Probe I, Probe II, EUB338, and the RNA negative control DIG oligo probe (Kreatech Diagnostics, Amsterdam). The universal RISH and detection kit (Kreatech Diagnostics) was used for the experiments for 12 h at the same temperature as mentioned above for each probe (5 ng µl -1 ) and at room temperature for the negative control probe. Another hybridization experiment was performed on muscle tissue from the clam as a negative control using the 4 probes mentioned above.
RESULTS

Microscopic observations
Unlike other thyasirid and lucinid clams whose gill filaments are ciliated on the outer surface, gill filaments of Maorithyas hadalis were divided into primarily 2 regions: the outermost zones (with no cilia) and bacteriocyte zones (see Fig. 4D ). Numerous bacteria were observed in the epithelial cells in the bacteriocyte zones using TEM and a light microscope (Fig. 1A , see also Fig. 4D ). The bacteria were contained in vacuoles within the host cells, unlike other thyasirid symbioses, and most were localized in the apical region of the cells just below the surface (Fig. 1A,B) . The bacteria were small cocci or short rods that averaged 1.46 µm (SD = 0.28, n = 22) along the major axis, with trilamellar cell envelopes typical of gram-negative bacteria, and they did not contain membranes or other distinctive structures in their cytoplasm (Fig. 1B,C) . No morphological polymorphism was observed in the bacteria except in external form (i.e. cocci or short rods). Divisional stages of the bacteria were observed (Fig. 1C) . Secondary lysosomes containing the intermediate stages of bacterial digestion were also observed, concentrated near the basal portion of the host epithelial cells (Fig. 1A,D) . Although rare, symbiont vacuoles at the apical region of the bacteriocytes were observed with open connections to the exterior (Fig. 1A,E) .
RFLP analysis
RFLP analysis was performed on 46 appropriately sized inserts that were amplified from 3 specimens of Maorithyas hadalis using Bac27F and 1492R as primers. Two distinct patterns, named Pattern I and Pattern II, appeared. The ratios of Patterns I and II for the 3 specimens were 11:8, 8:4, and 6:9 (total = 25:21).
16S rDNA gene sequences
Partial sequences (~500 bp) of bacterial 16S rDNA from each RFLP pattern from 3 specimens were determined. The sequences of Patterns I and II differed (< 90% homology), and further comparison within each RFLP pattern showed that members shared nearly identical sequences (a total of 4 inserts of Pattern I and 5 inserts of Pattern II were checked). Nearly complete sequences of 16S rDNA from Pattern I and Pattern II inserts were determined. The lengths of the Pattern I and Pattern II inserts were 1467 and 1464 bp, respectively.
Phylogenetic analyses of 16S rDNA sequences
Phylogenetic analyses performed by neighbor-joining (NJ), maximum parsimony (MP) and maximum likelihood (ML) methods placed the sequences of Pattern I (called Symbiont I) and Pattern II (called Symbiont II) within the γ subdivision of Proteobacteria containing the thioautotrophic and methanotrophic symbionts associated with marine invertebrate hosts (Fig. 2) . These 2 sequences were unique to the host thyasirid and differed from those of symbionts from other host species or of free-living bacteria. In all 3 phylogenetic analyses, the Symbiont I sequence consistently fell into a clade with thioautotrophic symbionts of vesicomyid clams and deep-sea mussels. Bootstrap values of 100% in NJ and MP analyses demonstrate that the clade is monophyletic. The Symbiont II sequence formed an isolated branch and was not closely related to other symbiotic or free-living bacteria in the γ subdivision of Proteobacteria. The free-living bacterial genera Thiomicrospira and Hydrogenovibrio were consistently placed on the neighboring branches of the Symbiont II sequence in all 3 treeing methods, but bootstrap analyses did not support a close relationship.
In situ hybridization
The similarity analysis using the gapped-BLAST search algorithm showed that no sequence had similarity to Probe II, but that the homologous position of the 16S rDNA sequences of Bathymodiolus thermophilus and B. puteoserpentis thioautotrophic symbionts were identical to Probe I. To check the specificity of the 2 probes (Probes I and II) for in situ hybridization experiments, dot-hybridization analysis was conducted with the PCR products of 16S rDNA from Symbionts I and II (Fig. 3) . Probe I strongly hybridized with Symbiont I and not with Symbiont II. Probe II strongly hybridized with Symbiont II and weakly hybridized with Symbiont I. A positive control probe, EUB338, strongly hybridized with both 16S rDNAs.
In situ hybridization was conducted on the sequential sections of gill or muscle tissue of Maorithyas hadalis using 4 different probes (Probe I, Probe II, EUB338, and the RNA negative control DIG oligo probe). Probe I, Probe II and EUB338 hybridized with sections of gill tissue (Fig. 4A-C) and not with sections of muscle tissue (data not shown). The negative control probe did not hybridize with sections of either tissue (data not shown). The hybridization reactions of Probes I and II were localized within the epithelial cells only in the bacteriocyte zones. The hybridization patterns of the 2 probes were different (Fig. 4A,B) . The hybridization reaction of Probe I was concentrated in the bacteriocyte zones closer to the outermost zones (Fig. 4A) . The intensity of the reaction gradually decreased towards the proximal region until it disappeared. The hybridization reaction of Probe II was concentrated in the bacteriocyte zones nearer the center (far from the surface) of the gill tissue (Fig. 4B) . The hybridization reaction of EUB338 was seen in most epithelial cells in the bacteriocyte zones (Fig. 4C) .
DISCUSSION
TEM observations confirmed that the symbiosis in Maorithyas hadalis was intracellular, unlike the extracellular symbiosis in other thyasirid clams. Southward (1986) reported that the symbionts in thyasirid clams appeared to be extracellular based on TEM observations. The bacteria occurred between a thin cuticle and the apical membrane of the host cell. However, Fujikura et al. (1999) suggested that the symbionts of M. hadalis were intracellular based on their TEM observations. In our TEM micrographs, the vacuolar membrane and the cytoplasmic membrane of host bacteriocytes are clearly visible between the symbionts and the external environment (Fig. 1B,E) . These observations support the assertion in Fujikura et al. that M. hadalis has intracellular symbionts unlike the symbioses in other thyasirid clams.
Secondary lysosomes containing the intermediate stages of bacterial digestion (Fig. 1D) indicated energy acquisition of the host from the symbionts (Fisher & Childress 1992) . Maorithyas hadalis has a short simple gut, which also suggests a nutritional reliance on its symbionts (Fujiwara unpubl. data) .
Vacuoles at the apical ends of the bacteriocytes were sometimes open to the exterior ambient seawater, albeit rarely. At these sites, the host cell membrane was always clearly intact, indicating that these openings had not been caused by fixation artifacts. Similar openings have been reported in the symbiont-harboring gastropod species Alviniconcha hessleri and Ifremeria nautilei, and 2 deep-sea mussels, Bathymodiolus brevior and B. sp. affinis brevior from western Pacific hydrothermal vent sites (Endow & Ohta 1989 , Windoffer & Giere 1997 , Dubilier et al. 1998 ). Windoffer & Giere suggested that these arrangements reflect a possible evolutionary pathway from extra-to intracellular symbioses. 156 Fig. 3 . Dot-hybridization analysis for checking the probespecificity. Hybridization of (i) the Symbiont I-specific probe (Probe I), (ii) the Symbiont II-specific probe (Probe II) and (iii) the universal eubacterial probe (EUB338) labeled with digoxigenin (DIG) was conducted with the amplified 16S rDNA of (A) Pattern I and (B) Pattern II from gill tissue of Maorithyas hadalis using Bac27F and 1492R primers. A total of 30 ng of the 16S rDNA was blotted as each dot on the membrane
The symbiosis in Maorithyas hadalis was distinct from other symbiotic associations in molluscs. Most molluscan hosts harbor a single phylotype of thioautotroph or methanotroph as a symbiont, although the coexistence of thioautotrophic and methanotrophic symbionts has been reported for deep-sea mussels , Pont et al. 1998 , Robinson et al. 1998 , Trask & Van Dover 1999 and a hydrothermal vent gastropod (Gal'chenko et al. 1992) . However, M. hadalis harbored 2 phylotypes of bacteria, and one of them was phylogenetically different from any other symbiotic or free-living bacteria.
Symbiont I was clearly a member of the γ subdivision of Proteobacteria in this study based on molecular phylogenetic analyses and in situ hybridization. Although inferring metabolic capabilities from 16S rDNA phylogeny alone could be misleading, the thioautotrophic nature of Symbiont I was supported by its position in the bivalve symbiont clade, which was composed exclusively of symbionts already characterized as thioautotrophic (Distel et al. 1988 , Peek et al. 1998 , Fujiwara et al. 2000 , and by the very close evolutionary relationship among these symbionts. In addition, Fujikura et al. (1999) gave supporting evidence that Maorithyas hadalis had thioautotrophic endosymbionts. Specifically, they noted high sulfur concentration in the gills, a hydrogen sulfide smell from the soft parts of the clam and the surrounding sediments, and the locally dark gray to black color of the sediments from their habitats, indicating an anoxic and high sulfide environment.
Phylogenetic analyses and in situ hybridization also demonstrated that Symbiont II belonged to the γ subdivision of Proteobacteria. These bacteria represent a unique symbiotic lineage in marine invertebrates. The neighboring branches of Symbiont II consisted of the free-living chemoautotrophic bacteria (genera Thiomicrospira and Hydrogenovibrio). Thiomicrospira is a free-living thioautotrophic bacterial genus (Kuenen & Robertson 1989) , and H. marinus is a free-living hydrogen oxidizer (Nishihara et al. 1998) . The physiological nature of Symbiont II remains unknown, since it was too distantly related to those bacteria to infer its metabolism from its phylogeny.
Both symbionts were phylogenetically different from the extracellular symbionts of Thyasira flexuosa, the only other thyasirid whose bacterial symbionts have been examined using 16S rDNA sequencing. They were also different from the symbionts of other clams belonging to the same superfamily, Lucinacea. These phylogenetic differences between hosts and symbionts in the same host superfamily may result from the mode of symbiont transmission. The endosymbionts of Codakia orbicularis are environmentally transmitted to a new host generation after larval metamorphosis . Since Maorithyas hadalis belongs to the same superfamily of C. orbicularis, the same mode of symbiont transmission may occur.
Similarity analysis showed the specificity of Probe II, but that Probe I had some similarity to the homologous position of the 16S rDNA sequences of 2 Bathymodiolus species. However, our RFLP and DNA sequence analyses showed no deep-sea mussel symbiont sequences from the Maorithyas hadalis gills. Thus, it was not possible that Probe I had reacted with the 16S rDNA sequences of deep-sea mussel symbionts on the sections of M. hadalis gills. Although Probe II weakly hybridized with the 16S rDNA sequence of Symbiont I, the hybridization patterns of Probes I and II were clearly different. Therefore, the contribution of any reaction of Probe II with Symbiont I was negligible.
Spatial partitioning between the 2 phylotypes of symbionts was a unique feature of this dual symbiosis in Maorithyas hadalis. Our in situ hybridization experiments showed the difference between the distribution patterns of the 2 symbiont types. Symbiont I was more concentrated near the surface of the gill than Symbiont II. Since no chemosynthetic endosymbionts have been cultured to date, it is difficult to explain the role of each symbiont for the host. One possible explanation for the spatial partitioning might be as an adaptation to a chemical gradient in the host gill tissue, such as oxygen, sulfide and carbon dioxide concentrations.
It should be noted that 2 morphological types of symbionts are known from 2 other deep-sea thyasirids (Southward 1986 ), but no phylogenetic analysis to date has shown the dual symbiosis described here. Fisher (1990) suggested that the presence of 2 distinct symbionts in a single thyasirid individual might be a reflection of the fact that these associations were not as selective as the more integrated intracellular lucinid associations. However, the symbiosis of Maorithyas hadalis is intracellular, and therefore presumably just as integrated.
